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The inert Zee model is an extension of the Zee model for neutrino masses. This
new model explains the dark matter relic abundance, generates a one-loop neutrino
masses and forbids tree-level Higgs-mediated flavor changing neutral currents. Al-
though the dark matter phenomenology of the model is similar to that of the inert
doublet model, the presence of new vector-like fermions opens the lepton portal as
a new dark matter annihilation channel. We study the impact of such a new portal
in the low mass regime and show the parameter space allowed by direct and indi-
rect searches of dark matter. Remarkably, we show that the region for mH0 . 70
GeV is recovered for λL . 10−3. We also show that future experiments like LZ and
DARWIN could test a large region of the parameter space of the model.
I. INTRODUCTION
The astrophysical observational evidence suggests that the presence of dark matter (DM)
in the universe is unquestionable. The latest data from the Planck experiment [1] indicates
that about 27 % of the Universe is composed of that kind of matter. However, its nature
remains unknown, since the Standard Model (SM) of particle physics does not fill the prop-
erties of a DM candidate. Among different proposals beyond the SM to explain the DM
problem, the Weakly Interacting Massive Particle (WIMP) is one the most popular since
such a candidate connect the DM scenario and the SM trough weak interactions. One of the
simplest SM extension that contains a WIMP particle is the Inert Doublet Model (IDM) [2].
In that framework, a second SU(2)L scalar doublet is added to the SM and the stability of
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2the lightest scalar state is ensuring by the ad hoc conservation of a Z2 discrete symmetry.
The model contains two viable DM mass regions that satisfy the relic abundance and direct
detection (DD) limits [3–6], one above mDM & 500 GeV and the other one near the Higgs
resonance mDM ∼ mh/2. In the latter case, the dark sector communicates with SM trough
the Higgs portal. However, the same scalar coupling controls the DM annihilation into SM
particles as well as the DM-nucleon scattering, constraining almost the entire region of the
parameter space in the lack of DD spin independent cross section limits.
On the other hand, another evidence of physics beyond the SM is given by the non-zero
neutrino masses. If neutrino masses arise by radiative mechanisms [7–9], it may be though
that its masses are related to the DM problem and consequently, both could be originated
at the TeV scale. In this direction, models with one-loop radiative neutrino masses and
viable dark matter candidates have a complete classification given in Refs. [10, 11]. In
particular, the Inert Zee Model (IZM) is one of these realizations [12] (cataloged as T1-ii-A
model with α = −2 in [11]). In the IZM, two vectorlike leptons, a singlet and a doublet of
SU(2)L and two scalar multiplets, a SU(2)L doublet and a SU(2)L singlet are added to the
SM. In addition, a discrete Z2 symmetry, in which all the new fields are odd, is imposed to
be unbroken providing a scalar DM candidate. The DM phenomenology of the IZM is quite
similar to that of the IDM. In the high mass regime, when the particles not belonging to the
IDM do not participated in the DM annihilation, mDM & 500 GeV. However, when these
particles do take part of DM annihilation, the extra (not present in the IDM) coannihilation
processes can modify this region allowing mDM & 350 GeV [13, 14]. In contrast, the low
mass region regime seems to be more affected because the DM candidate interacts with the
SM through the new vectorlike leptons. This lepton portal can revive the low mass regime
of the IDM even if DD searches excludes the Higgs portal. Moreover, indirect detection (ID)
experiments could be used to test the new portal.
In this work, we consider the IZM and within this framework, we study the consequences
of having new vector like leptons in the DM phenomenology. In particular, we show that
thanks to the lepton portal, a wide region of the IDM parameter space can be recovered
in the low mass regime. We show that for large Yukawa couplings, the relic abundance
is correctly satisfied even when the Higgs portal is neglected. Furthermore, we show that
lepton portal remains unconstrained from DD limits and we also present the restrictions
given by ID experiments.
3This paper is organized as follows: in section II, we present the model, including neutrino
masses and DM. In section III, we study the lepton portal and show the DM annihilation
cross section. The numerical results are presented in section IV, and finally, we present our
conclusions in section V.
II. THE INERT ZEE MODEL
The IZM is an extension of the SM which includes two vectorlike fermions, a SU(2)L-
singlet  and a SU(2)L-doublet Ψ = (N,E)
T. Also includes two scalar multiplets, a SU(2)L-
singlet S− and a SU(2)L-doublet H2 = (H+2 , H
0
2 )
T. All of them are odd under a Z2 symmetry,
which in turn is used to avoid Higgs-mediated flavor changing neutral currents at tree-level,
forbid tree-level contributions to the neutrino masses and render the lightest Z2-odd particle
stable [12]. The most general Z2-invariant Lagrangian of the model contains the following
new terms
L ⊃ − [ηiL¯iH2+ ρiΨ¯H2eRi + yΨ¯H1+ f ∗i LciΨS+ + h.c]− V (H1, H2, S) , (1)
where Li and eRi (i = 1, 2, 3) are the SM leptons, doublets and singlets of SU(2)L respec-
tively, ηi, ρi and fi are Yukawa couplings that control the new lepton interactions
1, and the
parameter y which leads to the mixing among the Z2-odd charged fermions. On the other
hand, the scalar potential of the IZM is given by
V (H1, H2, S) =µ1H†1H1 +
λ1
2
(H†1H1)
2 + µ2H
†
2H2 +
λ2
2
(H†2H2)
2 + µSS
†S + λS(S†S)2
+ λ3(H
†
1H1)(H
†
2H2) + λ4(H
†
1H2)(H
†
2H1) +
λ5
2
[
(H†1H2)
2 + h.c.
]
+ λ6(S
†S)(H†1H1)− λ7(S†S)(H†2H2)− µab
[
Ha1H
b
2S + h.c.
]
, (2)
where ab is the SU(2)L antisymmetric tensor, λi and µ are scalar couplings which are
assumed to be reals. After the electroweak symmetry breaking (ESB), the scalar Higgs
doublet can be written as H1 =
(
0, (h+ v)/
√
2
)T
, with h being the Higgs boson and v = 246
GeV the vacuum expectation value (VEV). It is worth mentioning that H02 does not develop
a VEV in order to ensure the conservation of the Z2 symmetry.
1 We assume parity conservation in the new lepton sector. Thus, the term Ψ¯γ5H1 is neglected.
4νL νL
S+ H2
Ψ ǫ
FIG. 1: One-loop diagram leading to neutrino Majorana masses.
The Z2-odd scalar spectrum consists of a CP-even state H
0, a CP-odd state A0 and two
charged states κ1,2 with masses
m2H0,A0 = µ
2
2 +
1
2
(λ3 + λ4 ± λ5) v2 , (3)
m2κ1,κ2 =
1
2
{
m2H± +m
2
S± ∓ [(m2H± −m2S±)2 + 2µ2v2]1/2
}
, (4)
where m2H± = µ
2
2 +
1
2
λ3v
2 and m2S± = µ
2
S +
1
2
λ6v
2. The charged scalar mixing angle δ is
defined through sin 2δ = (
√
2µv)/(m2κ2 − m2κ1). On the other hand, the Z2-odd fermion
spectrum involves two charged fermions χ1,2 with masses given by
mχ1,2 =
1
2
{
mΨ +m ∓ [(mΨ −m)2 + 2y2v2]1/2
}
, (5)
and a mixing angle α which fulfill the relation sin 2α = (
√
2yv)/(mχ2 −mχ1). Also, there is
a neutral Dirac fermion N , with a mass mN = mΨ fulfilling mχ1 ≤ mN ≤ mχ2 .
A. Neutrino masses
In the IZM, neutrino masses are generated at one-loop thanks to the scalar and fermion
mixings and to the Yukawa interactions mediated by ηi and fi (see Fig. 1). The neutrino
mass matrix in the mass eigenstates is given by
[Mν ]ij = ζ[ηifj + ηjfi], (6)
where ζ = (sin 2α sin 2δ)/(64pi2)
∑2
n=1 cnmχnI(m
2
κ1
,m2κ2 ,m
2
χn), c1 = −1, c2 = +1 and
I(a, b, c) = b ln(b/c)/(b − c) − a ln(a/c)/(a − c). Note that because the flavor structure
of Mν , the lightest neutrino is predicted to be massless in this model. The masslessness of
5the lightest neutrino, entails several phenomenological consequences: i) there is only single
Majorana CP phase since the second phase can be absorbed by a redefinition of the massless
neutrino field. ii) The two remaining neutrino masses are determined by the solar and atmo-
spheric mass scales: for normal hierarchy (NH) m1 = 0, m2 =
√
∆m2sol and m3 =
√
∆m2atm,
while for inverted hierarchy (IH) m1 =
√
∆m2atm, m2 =
√
∆m2sol +m
2
1 ≈
√
∆m2atm and
m3 = 0. iii) The amplitude for neutrinoless double beta decay [15] presents a lower bound,
which for the case of IH lies within the sensitivity of future facilities dedicated for that goal
[16].
In Ref. [12] it was shown that, using Eq. (6) and the diagonalization condition2 UTMνU =
diag(m1,m2,m3) with U = V P and P = diag(1, e
iφ/2, 1) [17], it is possible to express five
of the six Yukawa couplings ηi and fi in terms of the neutrino low energy observables.
Consequently, the most general Yukawa couplings that are compatible with the neutrino
oscillation data are given by
ηi = |η1| Ai
β11
, fi =
1
2ζ
βii
ηi
, (7)
where
βij = e
iφm2V
∗
i2V
∗
j2 +m3V
∗
i3V
∗
j3 ,
Aj = ±
√
−eiφm2m3(V ∗12V ∗j3 − V ∗13V ∗j2)2ei2Arg(η1) + β1jeiArg(η1) , for NH , (8)
βij = m1V
∗
i1V
∗
j1 + e
iφm2V
∗
i2V
∗
j2 ,
Aj = ±
√
−eiφm1m2(V ∗11V ∗j2 − V ∗12V ∗j1)2ei2Arg(η1) + β1jeiArg(η1) , for IH . (9)
In this way, it is always possible to correctly reproduce the neutrino oscillation parameters
in the present model.
B. Dark Matter
The conservation of the Z2 symmetry ensure the stability of the lightest odd particle. In
the IZM, as in the IDM, the pseudoscalar A0 or the scalar H0 can be the lightest state3.
Without loss of generality we assume H0 to be the DM candidate. Hence, the DM phe-
nomenology of the IZM is expected to be similar to the one in the IDM in scenarios where
2 We work in the basis where the charged-lepton Yukawa matrix is diagonal.
3 Note that the neutral fermion N can not play the role of the DM candidate since mχ1 ≤ mN .
6the particles not belonging to the IDM (κ1,2, χ1,2 and N) do not participate in the DM
annihilation processes [12, 13]. Accordingly, the viable DM mass range for this scenario is
divided into two regimes [18–24]:
Low mass regime (53 . mH0/GeV . 75 ): In this mass range the main annihilation
modes are through the Higgs s−channel exchange into light fermions (mainly bb quarks)
controlled by the quartic coupling λL ≡ 12(λ3 + λ4 + λ5) . Furthermore, LEP measurements
give rise to the following constraints [25]: mH0 + mA0 > mZ , max(mH0 ,mA0) > 100 GeV
and mκ1,2 & 70 GeV. It is worth to mention that the combination of DD searches and the
invisible Higgs decays, exclude the region below mH0 . 55 GeV, but we point out here that
because the presence of the new lepton portal that will be described in next section, the IZM
allows to reproduce the correct relic abundance for λL ∼ 0 and DM masses mH0 . 55 GeV
if the Yukawa couplings that mediate such annihilation, ρi, are of order of one (see section
IV). In such a case, the IZM would recover this region that is already excluded in the IDM.
High mass region (mH0 & 500 GeV) : In this regime, the relic abundance depends
strongly on the mass splittings between H0, A0 and κ1. Indeed, a small splitting of at
most 15 GeV is required to reproduce the correct relic density implying that coannihilations
between those particles must be taken into account.
In the intermediate mass region, 100 . mH0/GeV . 500, the gauge interactions become
large so that it is not possible to reach the observed relic density, i.e. ΩH0 < ΩDM . Hence,
this mass region has been entirely excluded in the light of recent DD limits and relic density
constraints.
III. LEPTON PORTAL
The presence of charged vectorlike leptons in the IZM opens the lepton portal DM and,
additionally to Higgs portal, becomes one of the main annihilation channels for the scalar
DM in the low mass regime. The contributions for new H0 annihilation into a SM lepton
pair are mediated by the fermions χi as shown in Fig. 2 and the corresponding cross section
depends on the Yukawa couplings ηi and ρi (see Eq. (1)). These couplings also generates
charged lepton flavor violation process (CLFV) and give contributions to electron electric
dipole moment (eEDM) which play an important role in the DM relic abundance. As shown
in a recent work [26], this kind of constraints are satisfied by taking |η1| . 10−2 in the
7H0
H0
χi
l
l¯
FIG. 2: Feynman diagrams for annihilation of dark matter to SM particles, through
t-channel mediated by χi with final states leptons ll¯. Where i = 1, 2 and l stands for e, µ,
τ .
neutrino NH and |η1| . 10−1 in the IH. Also, taking
√|ρ1||ρ2| . 10−2, which is independent
of the neutrino hierarchy because the Yukawa couplings ρi do not take part of neutrino
physics. Finally, ρ3 remains unconstrained by the CLFV limits.
For low values of the Higgs portal coupling, λL, it is possible to solve the Boltzman
equations and compute the relic abundance of DM [27, 28]. It is
Ωh2 =
1.07× 109xf
Mp
√
g∗
(
a+
3 b
xf
+
20 c
x2f
) , (10)
where xf = mH0/T , g
∗ are the degrees of freedom at the freeze out temperature and Mp ≈
1.22×1019 GeV is the Planck mass. The parameters a, b and c are obtained after computing
the velocity annihilation cross-section which is given by4
〈σv〉 = a+ b v2 + c v4 +O(v6) . (11)
The parameters a, b, c are the s-wave, the p-wave and the d-wave coefficients respectively
given by,
a =
ρ4i
4pim2H0
m2li
m2H0
1
(1 + µ)2
,
b = − ρ
4
i
6pim2H0
m2li
m2H0
1 + 2µ
(1 + µ)4
,
c =
ρ4i
60pim2H0
1
(1 + µ)4
, (12)
4 We have neglected the contributions involving the ηi Yukawa because they are suppressed by CLFV
processes [26].
8with µ = mχi/mH0 . Note that the s-wave and the p-wave contributions are helicity sup-
pressed, whereas d-wave is the leading term for mli → 0 and becomes the dominant contri-
bution in the early universe. It is worth mentioning that we have not considered the internal
Bremmsstrahlung processes in the DM annihilation because its contribution is roughly one
order of magnitude lower than the 2-body decays showed in Fig. 2 [29, 30].
IV. NUMERICAL RESULTS
In order to study the DM phenomenology of the IZM in the low mass scenario, we have
performed a random scan over the parameter space, varying the free parameters as
10−4 ≤ |η1|, |ρ1|, |ρ2|, |ρ3| ≤ 3 ;
100 GeV ≤ mA0 , mκ1 ,mχ1 ≤ 500 GeV ;
mκ2 = [mκ1 , 500 GeV] ; (13)
mχ2 = [mχ1 , 500 GeV] ;
40 GeV ≤ mH0 ≤ 75 GeV .
We have implemented the model in SARAH [32–36], coupled to the SPheno [37, 38] routines
FIG. 3: The available parameters space on the plane (mH0 , λL). The blue and cyan
regions are compatible with the experimental value for the relic density. Also, it is shown
the constraints on the invisible branching of the Higgs boson (brown region) [31].
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FIG. 4: Spin independent cross-section as a function of the DM mass mH0 . The color bar
shows the values for the Higgs portal coupling, λL. Also, it is is shown the current
experimental constraints from XENON1T [42], PandaX [43] and prospects as LZ [44],
DARWIN [45]. We also show the Neutrino Coherent Scattering (NCS) [46, 47].
and, in order to obtain the DM relic density, we have used MicrOMEGAs [39]. For the
lepton portal, we have checked the results with the expression found in Sec. III and, at
this stage, we selected the points that fulfill the current value of the relic density Ωh2 =
(0.120± 0.001) to 3σ [1]. Besides, we ensure that the S, T and U parameters remain within
the 3σ level [40]. Also, we have used the FlavorKit[41] of SARAH to select those points that
satisfy the CLFV constraints. The results are showed in Figs. 3, 4 and 5 respectively. Fig. 3
shows the results on the plane (mH0 , λL). All the points satisfy the relic abundance, the
CLFV constraints and the oblique parameters. As can be seen, we find that for 0 . |ρ3| . 1
the parameter space of IDM (cyan region) is recovered and the DM is annihilated mainly to
bb¯ quarks trough the Higgs portal. While, for 1 . |ρ3| . 3 we obtain a new allowed window
for the DM mass (blue region). In this region, the dark matter is annihilated through the
lepton portal mediated by χ±i to bb¯ and ττ . Note for instance that thanks to the lepton
portal, the DM mass region for mH0 . 55 GeV is allowed, even for small a scalar coupling
(λL . 10−3). Also, the brown region shown the restriction on the Higgs invisible width
decay taking the upper bound for Binv = 0.191 [31], this constraint excludes values for λL
10
FIG. 5: The present velocity averaged annihilation cross section as a function of the DM
mass, mH0 . The cyan points correspond to the IDM allowed parameter space, whereas the
blue points has been recovered using the lepton portal present in the IZM. Also, it is
shown the experimental limits for DM annihilation into bb¯ and W+W− in dwarf spheroidal
galaxies (dSphs) [48].
above 10−2, as is usual in the IDM.
Fig 4 shows the spin independent cross-section as a function of the DM mass, mH0 . Red
and green horizontal lines represents the experimental limits coming from XENON1T [42]
and PandaX searches [43]. Also, the prospects for future searches from LZ [44] and Darwin
[45] are shown in magenta and black dashed lines. Note that the region for mH0 . 55 GeV
for λL . 10−3 is allowed by the current and future DD searches, thanks to the presence of
the lepton portal DM through the ρ3 Yukawa coupling. However, below σSI . 10−13 pb, the
parameter space of the IZM would not be distinguishable from the neutrino floor [46, 47],
it needs a special analysis that is beyond the scope of this work.
Finally, in Fig 5 we show the velocity annihilation cross-section as function of the DM
mass, mH0 . The restrictions coming from FermiLAT [48] are represented by the continuous
lines. As we can see, this restrictions exclude the mass region of the model for mH0 . 50
GeV. However, between 50 GeV . mH0 . 70 GeV there is a viable window which is not
included in the IDM (blue points). For this region, mH0 . 60 GeV, we have that the
11
dominant channel is the lepton portal to ττ because the DM (H0) does not has enough
energy to produce a Higgs, while for mH0 & 60 GeV the main channel is the annihilation to
a bb¯ pair trough the SM Higgs.
V. CONCLUSIONS
In this work, we have explored the dark matter phenomenology of the Inert Zee model in
the low mass regime being compatible with neutrino and CLFV observables. We showed that
in such a region, there exist two important portals for DM annihilation into SM particles:
the Higgs portal, which depends of the scalar coupling λL and the lepton portal, mediated
by the Yukawa coupling ρ3. When the Higgs portal dominates the annihilations, |ρ3| . 1,
the viable allowed DM mass region is around the Higgs mass, mH0 ∼ mh/2 as in the case of
the IDM. This take place because the scalar coupling λL enters in the annihilation channels
and at the same time controls the DD spin independent cross section as well as the Higgs
invisible decays, which are well constrained. On the other hand, when the lepton portal
dominates the DM annihilation, 1 . |ρ3| . 3, the DD restrictions are evaded and a wide
region of the DM mass, 50 GeV . mH0 . 70 GeV, is still allowed. Moreover, in this region,
the model is safe from CLFV processes and also satisfy the ID restrictions.
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